The removal of hydrogen fluoride gas (HF) is a significant problem for the ex situ processing of large area YBCO precursor coated conductors employed in the BaF 2 process. We propose a new solution based on the in situ chemical absorption of HF. This approach allows the design of a simple ex situ reactor, which, in theory, has an extremely large capacity to uniformly absorb HF and permit the uniform growth of crystalline YBCO.
The barium fluoride or 'ex situ process' [1] [2] [3] is being applied to the growth of YBa 2 Cu 3 O 7 (YBCO) layers on flexible metallic substrates [4] . It has been found that hydrogen fluoride (HF), a product of the conversion of the YBCO fluorinated precursor to crystalline YBCO, can quickly accumulate in an ex situ reactor and stop the growth of YBCO [5] .
There are two immediate problems with HF generation; first, how to achieve a uniform HF vapour pressure above the growing precursor coated conductor in order to achieve uniform and homogeneous YBCO growth and second, how to extract the HF quickly enough to avoid the suppression of YBCO growth in certain areas of a reactor due to excessive HF partial pressures. With regard to the second problem we estimate that the HF equilibrium vapour pressure is about 10 mTorr [5] , meaning that this pressure is sufficient to stop the growth of an YBCO film. An obvious solution to the second problem is to increase the flow of gas in the reactor to effect faster removal of HF by gaseous convection. However, a simple estimate shows that for any economically meaningful length of conductor in a tubular reactor, the required gas flow becomes unreasonably high. The first problem cited, nonuniform HF partial pressures across the surface of the growing YBCO film, has only one simple conceptual implementation that cannot be easily incorporated into a large reactor. The solution is to extract the HF gas at a uniform rate perpendicular to the surface of the tape.
Our solution to the problem of HF build-up and nonuniformity relies on the removal of HF by chemical absorption using a solid absorber. A solid HF absorber allows for the implementation of a one-dimensional solution to the hydrodynamic problem of achieving HF partial pressure uniformity.
YBCO precursor films 1 µm thick were deposited on 10 mm × 3 mm × 0.5 mm thick SrTiO 3 single-crystalline polished substrates by vacuum co-evaporation of Y, BaF 2 and Cu as previously described [6] . Results are presented for YBCO precursor films processed at 735 • C in a tubular reactor at atmospheric pressure with an oxygen partial pressure of 100 mTorr, water partial pressure 30 Torr, and balance nitrogen. The growth rate was determined by measuring the conductance of the growing YBCO film [7] during processing as the film was converted from an insulating YBCO precursor to a homogeneous crystalline YBCO film.
The HF absorber was a film of BaO, 10 µm thick, deposited on either a quartz slide or SrTiO 3 substrate. The BaO films were synthesized by spraying a 1 wt% barium nitrate water-based solution onto a heated substrate. The substrates were heated to 600 • C and the BaNO 3 stream was produced by ultrasonic excitation. The solution decomposed on the hot substrate surface leaving behind a relatively smooth layer of barium oxide. X-ray diffraction of the as-deposited absorber confirmed that it consisted of cubic barium oxide. An alternative method for synthesizing the absorber was to paint an emulsion of barium peroxide onto a room temperature substrate. Barium peroxide is relatively stable in a lab environment and can be painted on a smooth surface as a water emulsion and allowed to dry. The resulting layers were calcined at 500 • C in air to impart some mechanical strength. It was found that both types of absorber worked equally well.
To prove the concept of HF absorption by BaO, an experimental set up was designed as shown in figure 1 . Normally, in ex situ processing, a YBCO precursor film is processed in a 'free-standing' mode, that is, the film surface is completely exposed to the gaseous processing atmosphere. As shown previously [5] , in this processing mode the YBCO growth rate is determined by the HF diffusion profile. A simple analysis of rectangular substrates predicts that the HF diffusion rate is approximately proportional to the smallest lateral substrate dimension. For free-standing substrates 10 mm × 3 mm, the diffusion path would be about 3 mm long. If a quartz slide is placed above the sample, as shown in figure 1 without the absorber, HF diffusion perpendicular to the substrate surface is mechanically restricted. For the geometry shown in figure 1 the diffusion path is about 12 mm. Longer diffusion paths cause increased impedance to HF diffusion and this increases the HF partial pressure at the substrate surface. The geometry of figure 1 , without the absorber, should decrease the YBCO growth rate by about a factor of 4 as compared to a substrate in the 'free-standing' mode. However, if the quartz slide is coated with a BaO absorber the HF diffusion path is equal to distance from the absorber to the surface of the YBCO precursor coated substrate, which is ∼3 mm shown in figure 1. Again a shorter diffusion path means faster YBCO growth. If the BaO absorber is closer to the substrate than the smallest dimension of the substrate, it should, in theory, be possible to achieve a YBCO growth rate in excess of that achievable for a substrate in the 'free-standing' mode. In addition, except near the edges of the substrate, the bulk of the HF diffusion will be normal to the YBCO precursor coated substrate surface allowing for uniform and homogeneous YBCO growth over the bulk of the substrate surface.
Plotted in figure 2 is conductance versus time for three 1 µm thick YBCO samples processed under conditions described previously. The point of inflection for the sample labelled 'free-standing' and the sample labelled 'covered by BaO absorber' indicates completion of the YBCO growth and is used to calculate an average YBCO growth rate of about 0.12 nm s −1 for both samples. The 'covered by quartz slide' sample is seen to grow much slower, about 0.03 nm s −1 . Note that the free-standing sample grew about four times faster than the sample covered with a quartz slide, consistent with the ratio of diffusion path lengths being 4/1 as discussed previously. Also note that the addition of the BaO absorber increases the growth rate by about four times and implies an effective diffusion path length of about 3 mm, equivalent to the freestanding sample, even though the sample is covered by a quartz slide as shown in figure 1 . Finally it should be noted that the growth of the 'covered by BaO absorber' sample appears to be very uniform as indicated by the excellent linearity of the conductivity prior to the inflection point. J c values in excess of 1 MA cm −2 were obtained for all three samples described in this study. Experiments were also performed at reduced pressures and similar results were obtained demonstrating that the technique works at low water partial pressure.
To confirm that the absorption of HF results in the chemical conversion of BaO to BaF 2 , a thin BaO film, 0.1 µm thick, was deposited onto a SrTiO 3 substrate. The BaO film was placed above a YBCO precursor film and processed in the geometry of figure 1. The BaO film was thin enough so that it could be completely converted into BaF 2 assuming the BaO absorber film absorbed all the HF released by the precursor film during the growth of the crystalline YBCO. Figures 3(a) and (b) compare x-ray diffraction scans of the BaO/SrTiO 3 film before and after processing respectively. A strong BaO (111) peak is evident in figure 3 (a) and after processing the BaO peak is absent and a strong BaF 2 (111) peak is present in figure 3(b) confirming that the BaO is converted to BaF 2 during the YBCO growth.
In the ex situ process the fluorinated precursor is converted to YBCO according to the following schematic reaction [ 
We estimate that at 735 • C, K e = 10 −8 , which means that at a typical value of the water vapour partial pressure, 25 Torr, p(HF) ≈ 10 mTorr [5] . A simple mechanism for the absorption of HF would be the following reaction:
Due to the presence of water vapour during processing reaction (3) requires a large negative free energy change in order to proceed spontaneously,
where G 0 , the standard free energy of reaction for equation (3), is −226 kJ mol −1 at 735 • C [8] . Due to the very small value of K e the second entropic term in equation (4) is considerable, about 158 kJ mol −1 at 735 • C. The free energy of reaction for equation (3) is −68 kJ mol −1 . This result is consistent with the observation that barium oxide is an efficient chemical absorber in agreement with the experimental data. Only limited number of substances, namely BaO and SrO, appear to be promising candidates as HF absorbers for the ex situ process. We have not observed any effect of quartz on the rate of YBCO formation. These observations imply that formation of YBCO from the fluorinated precursor is not a simple reduction of BaF 2 to BaO with subsequent formation of YBCO, as was originally proposed [9] . Obviously, if this were the case, BaO would not work as an absorber for HF as demonstrated in this work.
Experimentally it was found that oxygen has no noticeable effect on equation (3) for oxygen pressures up to 500 mTorr. It would be expected that the addition of H 2 O would also reduce the efficiency of equation (3) but experimentally we have also found that the presence of water vapour partial pressures in the range 100 mTorr-50 Torr have no effect.
In order to achieve uniform and homogeneous growth of large area YBCO coated conductors, such as flexible tapes, it is necessary to extract the HF generated by the conversion of the YBCO precursor. Ideally the HF should be uniformly extracted perpendicular to the surface of the growing YBCO film. This can be achieved in a flat geometry by placing a suitably designed pumped aperture over the film surface. Unfortunately the pump also extracts the water vapour and oxygen that are required for the conversion of the precursor to YBCO. Oxygen and water vapour then need to be re-injected to compensate for the gasses being pumped out. Ideally the oxygen and water vapour should also be injected perpendicular to the film surface because any component of gas flow parallel to the surface will cause the HF partial pressure to become non-uniform. This can be approximately achieved hydrodynamically for laboratory-sized samples where the relevant distances are measured in mm. For very large areas, or for geometries other than flat the design of the pump aperture and the injection of the gasses becomes impractical if not impossible. The use of a HF chemical absorber solves this problem because it acts as both a conformable and selective pump. Consider, for example, a large cylinder 2 m long by 1 m in diameter, where the external surface is uniformly wrapped with a YBCO precursor coated flexible tape 1 cm wide. The tape length would be about 600 m. This cylinder is next placed inside a slightly larger cylinder of the same length where the inside of the larger cylinder is coated with a layer of the BaO absorber. The space between the two cylinders defines the reactor. Since the actual amount of water and oxygen consumed by the growing film are quite small the reactor can be operated in a static mode with no pumping required. Use of the absorber simplifies calculation of the reactor geometry, since instead of complex diffusion and convection equations the HF transport is the simple case of diffusion between a source, the YBCO film, and a sink, the BaO absorber surface. The distance between film and the absorber determines the YBCO growth rate. Note that a BaO film 1 mm thick can, in theory, process 1000 µm of YBCO before needing replacement.
